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Biofuel blending reduces aircraft engine particle
emissions at cruise conditions
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Aviation aerosol emissions have a disproportionately large climatic impact
because they are emitted high in the relatively pristine upper troposphere
where they can form linear contrails and influence cirrus clouds. Research
aircraft from NASA, DLR, and NRC Canada made airborne measurements

of gaseous and aerosol composition and contrail microphysical properties be-



hind the NASA DC-8 aircraft at cruise altitudes. The DC-8 CFM-56-2C en-
gines burned traditional medium-sulfur Jet A fuel as well as a low-sulfur Jet A
fuel and a 50:50 biofuel blend. Substantial, two-to-three-fold emissions reduc-
tions are found for both particle number and mass emissions across the range
of cruise thrust operating conditions. These observations provide direct and
compelling evidence for the beneficial impacts of biojet fuel blending under

real-world conditions.

The global aviation sector alone contributes 3.5-4.9% of the current anthropogenic radiative
forcing due to emissions of fossil fuel CO, as well as aerosol particles that can alter the extent
and properties of cirrus clouds (/-5). Of these impacts, the largest uncertainties are associated
with aviation-induced cloudiness both directly from linear, persistent contrails and indirectly
from the contribution of black carbon, organic, and sulfate aerosols that may act as cloud con-
densation nuclei (CCN) and ice nuclei (IN) (6-9). As fuel emissions of CO, are expected to
more than double by 2050, the future aviation forcing may increase 3-4-fold over year 2000
levels (/), or even greater when using newer methods for estimating the direct radiative impact
of engine-derived black carbon emissions (/0). National and international regulatory and ad-
visory bodies are exploring ways to curb these emissions, including coverage of aircraft flights
originating or ending in EU airspace under the EU Emissions Trading Scheme since 2012 and
the recent Advance Notice of Proposed Rulemaking by the US EPA to regulate aviation CO,
emissions under the Clean Air Act (//—13). The International Air Transport Association (IATA)
and Advisory Council for Aviation Research and Innovation in Europe (ACARE) have targeted
carbon-neutral growth by 2020 and a 50-75% reduction in carbon emissions by 2050 (74, 15).

Sustainable biojet fuels are a promising route for mitigating greenhouse gas emissions and
are a current investment focus in both the United States and European Union. The European

Advanced Biofuels Flightpath aims to enable 2 million tons of sustainable aviation biofuels to
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be use by 2020. Meanwhile, the U.S. Farm-to-fly initiative targets annual production of 1 bil-
lion gallons of drop-in renewable jet fuel by 2018. However, many challenges remain before
aviation biofuels are widely adopted, particularly with regard to cost and sustainability. Jet fuels
are more heavily-refined than the biofuels employed for surface transportation with the latter
perhaps presenting a “better biomass opportunity cost”, but also a myriad of alternative energy
solutions other than liquid hydrocarbon-based fuels (16, /7). Biojet fuels consist of a mixture of
Cy-C14 hydrocarbons that are formed via a two-step process. First, transesterification of plant
and animal oils produces oxygenated, functionalized hydrocarbons whose low density and en-
ergy content and high freezing point make them not directly viable for aviation. Consequently,
in a second step, these compounds are hydroprocessed to produce a hydrotreated ester and fatty
acids (HEFA) fuel that possesses many of the properties of petroleum-derived jet fuels (2, 18).
Promising plant-based feed stocks for future aviation biofuels include Jatropha, Camelina, and
algae (?).

Biojet fuels promise a future aviation fuel source that is not dependent on fossilized carbon,
and also possess near-zero levels of sulfur and aromatic species that are common in petroleum-
based jet fuels. Previous laboratory and ground test experiments using bio-based fuels or syn-
thetic Fischer-Tropsch fuels produced from natural gas and coal feed stocks show the absence
of fuel sulfur and aromatic species significantly reduces the black carbon and sulfate particle
emissions from turboprop and turbofan engines (/9-22). These results are important for quan-
tifying the impact of aviation on local air quality near airports and hint that similar reductions
are likely to hold for high-altitude cruise conditions; however, the engine operating conditions
on the ground (e.g., temperature, pressure, fuel flow rates, fuel/air ratio, maximum thrust) are
very different than those in flight. Unless we can quantify the emissions impacts associated with
these low-sulfur and low-aromatic fuels under realistic flight conditions, it will be impossible

for society to understand the role biojet fuels may play in the future of aviation.



NASA, DLR - The German Aerospace Agency, and National Research Council (NRC)
Canada research aircraft carried out a series of flight experiments in Spring of 2013 and 2014
to quantify the real-world impacts of biofuel blending on jet engine emissions. Flights were
conducted out of the NASA Armstrong Flight Research Center (AFRC) in Palmdale, CA, with
the NASA DC-8 as the source aircraft. The DC-8 has four, wing-mounted CFM56-2-C1 engines
that can be fed fuel from any of four segregated fuels tanks within the wings containing either
a medium- or low-sulfur Jet A fuel as well as a fuselage-mounted auxiliary tank containing
a 50:50 (v/v) blend of low-sulfur Jet A fuel and a Camelina-based HEFA biojet fuel. The
medium-sulfur Jet A fuel was created by doping the the low-sulfur Jet A delivered from the
refinery with a small aliquot of tetrahydrothiophene in order to increase the fuel sulfur content
without changing the other fuel properties. The major difference between the HEFA fuel and
traditional petroleum-based fuels is that the former possess no sulfur or aromatic species, while
traditional jet fuels have aromatic contents near 18-25%. In addition to strict standards related
to fuel density, viscosity, and freezing behavior that impact safety of flight, fuel aromatics are
limited to below 25% in order to limit solvent deterioration of nitrile elastomers; meanwhile, a
minimum aromatic content of 8% was established in order to swell the elastomer seals in the
some current fuel systems (23—-25). For this reason, only 50:50 blends of HEFA and petroleum-
based fuels are currently certified for flight. All investigated fuels conform to flight worthiness
specifications outlined by ASTM (26, 27), and detailed ACCESS fuel properties are detailed in
the Supporting Online Material (SOM).

The left and right inboard DC-8 engine exhaust plumes (#2 and #3, respectively) were sam-
pled by research aircraft flying in a trailing formation at a distance of 30-150 m behind the DC-8,
which corresponds to approximate plume ages of 0.15-0.75 seconds (Figure 1a). Three differ-
ent fuels and three different engine thrust conditions were investigated. The thrust conditions

bracket the range of realistic flight conditions on the DC-8 flight curve, which describes the



relationship between engine fuel burn (proportional to thrust) and airspeed for a given aircraft
weight and cruise altitude (Figure 1d). Commercial aircraft typically fly at thrust conditions
at or slightly above the Maximum Range point, which corresponds to where aircraft drag is
minimized, but thrust can be operationally varied by the flight crew based on schedule and fuel
burn considerations.

The use of the four-engine DC-8 is quite advantageous for in-flight engine emissions testing
and overcomes sampling challenges associated with using multiple fuels and thrust conditions in
dual-engine flight tests for two reasons. First, the thrust settings of the two inboard engines (#2
and #3) can be varied over the range of reasonable flight operating conditions while adjusting the
outboard engines (#1 and #4) to maintain a constant airspeed. Figure 1d shows three ACCESS-
2 engine thrust settings (blue points) that were set at an achievable operating speed of 0.6 Mach
for the NASA and DLR chase planes. Second, we can investigate both fuels on both engines
during a single flight by adjusting the valves in the fuel cross feeds in order to account for
differences in engine performance that influence the engine-specific emissions indices. For
example, the DC-8 left inboard engine emits more particles than the right inboard engine.

The effect of thrust changes on engine emissions of particles and, particularly water va-
por, is visibly evident under contrail-forming conditions, where the plume is supersaturated
with respect to liquid water, satisfying the Schmidt-Appleman criterion (28—30). Conditions
encountered during ACCESS did not always warrant contrail formation, and increased ultrafine
particle concentrations were measured under clear air conditions, which implies substantial ice
particle scavenging of these small, nucleation-mode particles. Consequently, for the purposes of
this report, we confine our analysis to the determination of engine emissions indices for clear air
(i.e., non-contrail-forming) exhaust plumes only. This ensures that the reported emissions data
are not affected by contrail-processing in between the engine exhaust plane and the sampling

inlet.



Particle number and mass concentrations, as well as trace gas concentrations of carbon
dioxide (CO,), carbon monoxide (CO), and nitrogen oxides (NOx), were sampled by the chase
aircraft through sample inlets mounted on the crown of the DLR and NASA Falcon chase air-
craft and below-wing-mounted instruments on the NRC T-33. The amount of a given species
emitted per kg of fuel burn is the species emissions index (EI) and was computed as described
in the SOM.

Table 1 shows the geometric mean (X one geometric standard deviation) particle and trace
gas Els for multiple penetrations of the #3 engine exhaust plume, while it was operating at
medium cruise thrust (corresponding to Maximum Range in Figure 1d). EI summary statistics
for the additional thrust conditions and the #2 engine are tabulated in the SOM. Particle number
Els for the traditional petroleum-based jet fuels are on the order of 10'*-10'° kg-fuel”!, with
the non-volatile number EI closer to 10'* kg-fuel! and black carbon (BC) equivalent mass EI
near 15 mg kg-fuel!. These Els, particularly those for the non-volatile particles, fall towards
the lower end of previously reported Els from previous flight test experiments conducted dur-
ing the 1990s (31-35), which is attributable to efficiency gains implemented in the relatively
newer CFM56-2C engines. Sulfur doping of the low-sulfur Jet A from 2213 ppmM to 416£37
ppmM had no discernible impact on the engine particle emissions for particle diameters exceed-
ing 10 nm (the lowest detectable size in this study); however, it is known that changes in fuel
sulfur content affect the total number EI by dramatically increasing the number of sub-5-nm-
diameter particles (36). Measurements of such small particles are challenging and the results
can be confounded by additional factors including the plume age and instrumental detection
efficiencies (35).

We also tabulate Els for the 50:50 blend of HEFA biojet fuel and low-sulfur Jet A in Table 1
and the SOM, which show a marked, approximately two-fold reduction in both volatile- and

non-volatile number emissions as compared to the medium- and low-sulfur Jet A fuels. These



dramatic emissions reductions are consistent across each of the investigated engine thrust con-
ditions (Figure 2), although the number EI reduction is slightly less pronounced at the high
engine thrust setting. Ground-based tests of low-sulfur and low-aromatic Fischer-Tropsch and
HEFA fuels on the NASA DC-8 engines show a similar trend with the largest particle EI re-
ductions observed at mid-range fuel flow rates and lower particle EI reductions observed at
the highest fuel flow rates in those tests (27, 22). However, differences in engine performance
characteristics (e.g., fuel-air ratio, maximum fuel flow rate, inlet temperature and pressure) be-
tween surface tests and in-flight tests preclude a direct comparison of Els, despite a number
of promising approximation methods to use ground-based data to estimate cruise emissions
inventories (10, 37, 38). The greatest impact on emissions is associated with a reduction in BC-
equivalent mass with the biofuel blend exhibiting emissions that are 30-40% of those seen for
the traditional, petroleum-based Jet A fuels.

Measured particle size distributions help to explain the differences between number and
mass (volume) Els for the two fuels as shown in Figure 3. The pronounced decrease in both
total and non-volatile particle number and volume associated with the biofuel blend is appar-
ent, as well as a slight shift in the mode peak diameter by 3-5 nm toward smaller sizes for the
number distributions and 9-12 nm for the volume distributions. This shift appears to be caused
by a greater reduction in the number of larger, soot mode aerosols, which serve as condensa-
tion nuclei for semi- and non-volatile organic species and sulfuric acid. Since gas-to-particle
condensation scales with particle surface area (i.e., diameter-squared), the lower soot emissions
from the biojet fuel blend suppress the condensational sink, which in turn, enhances the nu-
cleation of new particles in a compensating manner. This competition manifests itself as the
lop-sided, size-dependent number emissions reductions observed in the left panels of Figure 3.

We find that blending of traditional petroleum-based fuels with a HEFA biojet fuel signif-

icantly reduces the volatile and non-volatile particle emissions at real-world cruise conditions,



with comparatively minor reductions in CO observed at one of the three engine thrust condi-
tions. Despite these 2-3-fold emissions reductions, the soot particle number Els remain in the
range of ~10'* kg-fuel!; Kircher et al. describe this condition as squarely within the soot-rich
regime, where the number of contrail ice particles scales proportionally with the soot number EI
and ambient and ultra-fine particles are unlikely to contribute meaningfully to contrail forma-
tion (4). Consequently, we expect the soot particle emissions reductions form biofuel blending
to translate directly into reduced contrail ice crystal density.

Understanding the implications of these findings for future aviation effects on climate is
challenging due to the complex interplay between direct climatic impacts of sulfate, nitrate, and
BC soot emissions and their role in forming linear contrails and contrail-induced cirrus clouds.
The direct radiative impacts of sulfate and nitrate aerosols are thought to be cooling, while BC,
linear contrails, and contrail cirrus are thought to be warming (/). The FAA-sponsored Aviation
Climate Change Research Initiative (ACCRI) recently evaluated the direct and indirect aviation
effects on climate in an ensemble modeling study (6). They assumed a cruise-altitude BC mass
EI of 30 mg kg-fuel! and a number EI of 2x 10'* kg-fuel™!; these values are consistent with the
observed ElIs in this report for the medium-sulfur Jet A at a thrust setting between the medium
and high thrust test conditions. For present-day conditions (based on year 2006 traffic data), they
uncovered a weak direct global radiative forcing associated with aviation BC emissions (0.6-1.0
mW m™) and stronger radiative forcings (and greater uncertainties) associated with sulfate and
nitrate (-7.0 to -14.5 mW m? combined), linear contrails (2.9-11.3 mW m™), and contrail cirrus
(2.9-11.3 and 12.4-51.3 mW m2). The regional forcing for the northern hemisphere is even
greater, owing to the high density of air traffic north of the equator (6). Widespread adoption of
biojet fuel blends with near-zero fuel sulfur and reduced aromatic species in the future will serve
to decrease the minor direct warming associated with BC and the direct cooling associated with

sulfate aerosols. It remains to be seen, however, if the reduced soot Els and expected contrail



ice density reduction translate into a meaningful change in the cloud forcing or lifetime. A
critical first step is the determination of the number and size of engine exhaust particles at
cruise conditions, for which data are non-existent for for engines burning biojet fuel blends and
sparse even for conventional, petroleum-based fuels (4). This work provides the key aerosol
microphysical parameters needed by transportation and climate modeling efforts to constrain
future aviation impacts on the environment as the fleet transitions to toward widespread adoption

of aviation biofuels.
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Table 1: Summary table of emissions indices measured in clear air at the medium thrust cruise
condition. Data are for the right inboard engine (#3) at altitudes between 30,000 and 36,000 ft.
Data for other thrust settings are included in the SOM.

Medium Sulfur 50:50 HEFA -
Jet A Low Sulfur Jet A Low Sulfur Jet A Blend
Emissions Index Parameter (per kg fuel) Emission Index? Emission Index? Ratio Emission Index’ Ratio
Total Particle Number (Dp > 5 nm) - 1.94x10" X 153 - 1.58x 1015 X 1.64 -
Ultrafine Particle Number (5 < Dy < 10 nm) - 1.40x10" X 1.62 - 1.24x1015 X 1.74 -
Fine Particle Number (D, > 10 nm) 6.51x10M X 1.14  7.01x10 X 1.55  1.08 3.36x10M X 133 .52
Volatile Fine Particle Number 3.86x10' X 1.08  3.52x10™ X 174 091 1.86x10M X 138 Q.48+
Non-Volatile Fine Particle Number 2.63x10M X 126 3.43x10M X 139 1.30 146X 1014 X 137 0.55%*
Total Particle Volume (5 < D < 120 nm) (mm?) 16.58 X 1.14 18.03% 1.85  1.09 8.62 % 1.72 0.52
Volatile Particle Volume (mm?) 5.62 % 1.67 598X 186  1.06 290 X 1.88 0.52
Non-Volatile Particle Volume (mm?) 10.65 f 1.11 12.03 f 1.85 1.13 5.42 i 1.73 0.51%**
PSAP BC-Equivalent Mass at 467 nm (mg) 17.12 X 112 1448 X124 085 724 X133 Q42w
PSAP BC-Equivalent Mass at 530 nm (mg) 16.85 X 1.12 1289 % 136 0.76 6.79 %X 1.33 040
PSAP BC-Equivalent Mass at 660 nm (mg) 16.15 % 1.13 16.07 X 116 0.99 6.01 % 1.39 Q.37
Carbon Monoxide, CO (g) 5.99 +0.96 402+054  0.67% 468 +127  0.78*
Nitrogen Oxides, NOy (g) 7.26 + 0.50 760 +£041  1.05 7.28 +0.33 1.00
Number of Plume Intercepts 4 5 10

Significance Level: **#* p < 0.001, *** p < 0.01, ** p < 0.05, * p < 0.1
TParticle Els are reported as the geometric mean f the geometric standard deviation, while trace gas Els are reported as
the arithmetic mean =+ the arithmetic standard deviation.
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Figure 1: Side view of the NASA HU-25 Falcon aircraft sampling the DC-8 contrail (a). Also
shown are forward views of the DC-8 contrails with the inboard engines throttled up to max-
imum continuous thrust (MCT) and the outboard engines throttled back (b), and the reverse
conditions (c). The operational flight curve for the DC-8 is shown as the red curve in (d) as-
suming an average aircraft gross weight of 200,000 lbs. The blue points correspond to the
ACCESS-2 engine thrust settings. Note that all EIs reported in this manuscript are for clear air

(i.e., non-contrail-forming conditions).
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Figure 2: Geometric mean particle emissions indices (> one geometric standard deviation) for
all thrust settings and each fuel burned on the right inboard engine (#3) at altitudes between
30,000 and 36,000 ft. The ratio of the EIs for the 50:50 biofuel blend and the medium sulfur Jet
A are denoted beside each point with the number of stars denoting the statistical significance
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Figure 3: Particle number (left) and volume (right) EI size distributions for the total (top)
and non-volatile fraction (bottom) measured at the high thrust condition behind the #3 engine.
Points are geometric means and error bars are the geometric standard deviation (N = 4 and 6
for the High Sulfur Jet A and 50:50 Low Sulfur Jet A — HEFA blend, respectively). Solid lines
are lognormal fits and the shaded area represents the difference between the two curves. The
geometric mean diameter for each fit are denoted in the legend, while all fit parameters are given
in the SOM.
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S1 Materials and Methods
S1.1 Source Aircraft and Engines

The NASA DC-8 (Tail Number N817NA) and its four, CFM56-2C-1 engines have been previ-
ously described in detail elsewhere (/-5). The engines were installed on the airframe in 1986
and are maintained in accordance with the CFM56-2C and Douglas DC-8 maintanance manuals
and inspection task cards. Given the use of the aircraft as a NASA flying laboratory, the annual

flight hours for the aircraft and engines are typically low as compared to commercial aircraft.

S1.2 Jet Fuel Properties

The relevant chemical and physical properties of the investigated fuels are summarized in Ta-
ble S1. Testing was performed by the U.S. Air Force Petroleum Agency laboratory at Wright-
Patterson Air Force Base. Samples were drawn from the left inboard (#2) fuel tank of the DC-8
before each flight and from the fuel truck before uploading the HEFA blend onto the DC-8.
Tests conform to standard methods for fuel sulfur (ASTM D2622), aromatics (ASTM D1319),
hydrogen content (ASTM D7171), naphthalenes (ASTM D1840), density (ASTM D4052), and
net heat of combustion (ASTM D3338).

Table S1: Mean fuel properties (£ one standard deviation) for each of the three, investigated
fuels. Samples were obtained prior to each flight from the fuel truck or DC-8 fuel tanks.

Medium Low 50:50 HEFA - Jet A
Sulfur Sulfur Low Sulfur Specification

Fuel Property Jet A Jet A Jet A Blend Range’
Sulfur (ppmM) 416 £+ 37 22 +13 11+3 <3000
Aromatics (volume%) 21.1+£0.7 214+ 14 129+ 1.2 8-25
Hydrogen Content (mass%) 13.6 £0.3 13.8 £0.2 147+£0.2 >13.4
Naphthalenes (volume%) 09+0.2 1.0+ 0.2 0.4+ 0.0 <3.0
Density (kg m™) 809.2 £ 1.8 810 £ 0.5 7874+ 2.5 775-840
Net Heat of Combustion (MJ kg'!) 43.14 £0.05 43.15 £ 0.06 43.52 £0.04 >42.8
Number of Samples Tested 5 4 5

 ASTM D1655 and D7566



S1.3 Particle and Trace Gas Measurements

Measurements were made from the NASA HU-25 Falcon aircraft using the NASA Langley
Aerosol Research Group (LARGE) suite of in-situ instruments, which have been used for nu-
merous airborne research campaigns as described elsewhere (/4—16). Similarly, the instruments
aboard the DLR Falcon 20 and NRC-Canada T-33 aircraft are well-characterized with long
flight heritage. Results from the following instruments were used in this study. Total particle
number concentration (Dp > 5 nm) were measured by a custom condensation particle counter
(CPC) onboard the DLR Falcon 20. Fine particle number concentration (Dp > 10 nm) was mea-
sured by a pair of TSI 3010 CPCs on the HU-25; one of the CPCs measured the non-volatile
particle fraction after sample treatment with a thermaldenuder at 350°C, while the other mea-
sured the total (volatile + non-volatile) aerosol number. Similarly, total and non-volatile particle
size distributions were measured by a TSI nano Scanning Mobility Particle Sizer (nanoSMPS;
3936, 3085, 3025A) for undenuded and denuded sample streams, respectively. Because the
nanoSMPS requires 45 seconds to complete a size upscan, a dual lag chamber system was em-
ployed, where two cylinders were charged at high flow rate (19 L min™') while the aircraft was
sampling the exhaust plume. These lag chambers were then sampled by the nanoSMPS at 1.5 L
min!. The upper portion of the size distribution (Dp > 85 nm) was measured by an ultra-high
sensitivity aerosol size spectrometer (UHSAS; Droplet Measurement Technologies), which was
calibrated using soot particles from a Mini-CAST soot generator that were size-classified with
a differential mobility analyzer (/7). The nanoSMPS size distributions were integrated to yield
the total and non-volatile particle volume. Finally, particle black carbon (BC) equivalent mass
at three different optical wavelengths were measured by a Radiance Research Particle Soot Ab-
sorption Photometer (PSAP). The PSAP mass concentrations were corrected for filter scattering
artifacts following Virkkula, 2010 (/8), assuming a single scattering albedo (SSA) of 0.1, which

is consistent with Mie theory calculations using the measured size distribution and a BC refrac-

3



tive index of 1.95-0.75: (19). The PSAP correction is weakly sensitive to this assumed SSA and
varies by only 1% over the SSA range of 0.03-0.3.

Trace gas carbon dioxide (CO,), carbon monoxide (CO), and nitrogen oxide (NOy concen-
trations were measured using Los Gatos Research instruments. CO and CO, were measured via
cavity enhanced absorption. To measure NOy, the sample stream was mixed with excess ozone

to convert NO to NO,, which was measured via cavity ring down spectroscopy.

S1.4 Emissions Index Calculation

As the Falcon sampling probe traverses the DC-8 engine exhaust it encounters varying concen-
trations of particles and trace gases due to the spatial heterogenity of the plume. Making sense
of these time-varying quantities requires that we normalize them to the rate of fuel burned by
the engines to arrive at an averaged emissions index (EI) across the plume. The EI of particle

or trace gas species X is determined as

AX- S
Elx = ElL 1
X = ACO, (Elco,) (1)
RT Mo,

where, Elco, = ~ 3160 gCO, kg-fuel '; ()

PV, (Mc + aMy)

particles : V,,,/Mco,
S(X) = (3)
trace gases : Mx/Mco,;

AX and ACQO, are the dilution-corrected, background-subtracted peak areas of the measured
concentrations of species X and CO, at STP, respectively; Elco, is the emissions index of CO,,
assuming the carbon content in the fuel is constant and is completely converted to CO,; S'is a
unit conversion scaling factor for particle concentrations (number or mass per air volume STP)
or trace gas concentrations (ppmV); R is the ideal gas constant; 7' is the temperature at STP

(273.15 K); P is the pressure at STP (1 atm); V;,, is the molar volume of ideal gas at STP (22.4



L mol™); « is the fuel hydrogen-to-carbon molar ratio; and My, M¢co,, Mc, My are the molar
masses of species X, CO,, carbon, and hydrogen, respectively. Values of « calculated from
Table S1 for the Jet A fuels and the blended fuel are 1.92 and 2.07, respectively; however, for
this analysis, we assume a constant value of 1.92 for simplicity. This assumption introduces

insignificant error (~1%) into reported Els as compared to the measurement uncertainties.

S1.5 Particle Sampling and Transmission Loss Corrections

The size-dependent inlet aspiration efficiency of the HIMIL inlet and particle losses to the sam-
pling lines are estimated using the Particle Loss Calculator (20), which accounts for diffusional,
inertial, and sedimentation losses. Particles were sampled at a flow rate of 37 L min™!' through
a 4.35 mm tube assumed to be oriented parallel to the air flow around the aircraft (mean air
velocity ~200 m s!). In reality, the inlet tube is shrouded, which ensures parallel sampling
streamlines, but which reduces the local air velocity by an unknown amount. The sensitivity
of the inlet aspiration efficiency to airspeed is, however, negligible for the ultrafine particles
sampled during ACCESS. The sample then passed through approximately 0.34 m of 4.35 mm
ID tubing and approximately 4 m of 7.9 mm ID tubing before being sampled by the instru-
mentation in the chase plane cabin. Figure S1 shows the computed, size-dependent sampling
efficiency, which is used to correct the measured size distributions (Figure 3 in the main text,
Figures S2-S3, and the coefficients in Table S2-S3). Given the large corrections (~40%) at the
lowest particle sizes and uncertainties in the size distributions across all fuels and engine thrust
conditions, we choose not to apply these corrections to the tabulated integrated number, volume,
and mass emissions indices (Table 1 in the main text and Tables S5-S9) following Beyersdorf
et al. (4) and instead focus on the differences in the sampled emissions indices across fuel types
and engine powers for which the sampling characteristics and efficiency should be nearly the

same.
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Figure S1: The overall size-dependent sampling efficiency of the HU-25 sampling system. This
efficiency is the combination of inlet sampling effects (i.e., aspiration efficiency) and particle
losses within the tubing between the inlet and the instruments (i.e., transport tubing penetration
efficiency).
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payload integration constraints require that that the instruments be spaced throughout the cabin.
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S2 Particle Size Distribution Lognormal Fit Parameters

Particle number and volume size distributions (5-300 nm diameter) measured by the SMPS and

UHSAS were fit using a single-mode, lognormal function of the form

dEIx X (log Dp — log Dyx)
= exp | — : 4)
dlog Dp /27 log ogx

21og? Ogx
where X is the total particle number (N) or volume (V), Elx is the corresponding emissions

index, Dp is the particle dry diameter, D, x is the geometric mean diameter, and o, x is the
geometric standard deviation. Fit coefficients are given for the number size distributions in
Table S2 and for the volume size distributions in Table S3. All size distributions have been

corrected for particle sampling and transmission losses as in Section S1.5.



Table S2: Lognormal fit coefficients (£ one standard deviation) to the geometric mean parti-
cle number size distributions measured behind the left and right inboard engines (#2 and #3,
respectively) at altitudes between 30,000 and 35,000 ft.

Medium SulfurJet A 50:50 HEFA - Low Sulfur Jet A Blend
EI Size Distribution Parameter N (kg fuel ) Dy N (nm) OgN N (kg fuel ™) Dy N (nm) OgN
Total Particle Number, dEIn/dlogDp:
Engine #2:
High Engine Thrust (1.5040.03)x 1015 29.4404  1.7940.02 (1.0940.02)x 105 26.840.3  1.7440.02
Medium Engine Thrust (1.074£0.02)x 105 247404  1.7840.03 (6.324£0.13)x 10" 24.0403  1.6940.02
Low Engine Thrust (8.2840.21)x10'% 248404  1.7240.03 (6.07+0.67)x10'*  19.3+1.8  2.09+0.21
Engine #3:
High Engine Thrust (1.1440.02)x 1015 27.840.3  1.76+0.02 (8.7740.12)x10'*  25.140.2  1.7140.01
Medium Engine Thrust (7.01£0.17)x 1014 233403  1.6940.02 (3.5040.08)x10'*  21.54£0.3  1.73+0.03
Low Engine Thrust (4.68+£0.07)x10"*  23.0+£0.2  1.66+0.02 (2.114£0.25)x 10" 18.64+0.9  1.43+0.08
Non-Volatile Particle Number, dEIn/dlogDp
Engine #2:
High Engine Thrust (7.6440.15)x101% 353404  1.7240.02 (5.4140.15)x10'* 287405  1.75+0.03
Medium Engine Thrust (5.004£0.14)x10'%  29.740.5  1.64+0.03 (2.6240.07)x10'%  27.84+04  1.71+0.02
Low Engine Thrust (4.5040.23)x10'* 255409  1.8640.07 (4.1540.63)x10'* 209424  2.03+£0.27
Engine #3:
High Engine Thrust (6.304+0.13)x101% 325404  1.7140.02 (3.9440.12)x10'*  28.04£0.5  1.68+0.03
Medium Engine Thrust (3.1840.14)x10'*  27.040.7  1.6340.04 (1.7840.06)x10'* 263405  1.68+0.03
Low Engine Thrust (2.8240.08)x10'*  23.540.5  1.7340.03 (1.0940.08)x10'*  23.440.8  1.58+0.06

Table S3: Lognormal fit coefficients (& one standard deviation) to the geometric mean parti-
cle volume size distributions measured behind the left and right inboard engines (#2 and #3,
respectively) at altitudes between 30,000 and 35,000 ft.

Medium SulfurJet A 50:50 HEFA - Low Sulfur Jet A Blend
EI Size Distribution Parameter  V (mm?> kg fuel ) Dg,v (nm) OgV V (mm? kg fuel!) Dgv (nm) Ogv
Total Particle Volume, dEIy/dlogDp
Engine #2:
High Engine Thrust 66.8+2.4 65.74+1.2 1.5740.03 344+1.1 57.2£1.0 1.61£0.03
Medium Engine Thrust 28.5+0.8 57.54+0.8 1.5840.02 14.740.5 52.6£0.5 1.60+0.03
Low Engine Thrust 19.940.6 51.940.8 1.5940.02 13.042.3 61.6+6.0 1.67+0.19
Engine #3:
High Engine Thrust 34.4£1.0 60.8+1.0 1.6140.03 21.940.6 53.31+0.7 1.5440.02
Medium Engine Thrust 14.440.6 50.44+1.0 1.51£0.03 6.7+0.5 51.942.2 1.73£0.08
Low Engine Thrust 8.9+0.3 48.740.7 1.5540.02 3.3+0.5 49.14+5.0 1.9240.18
Non-Volatile Particle Volume, dEIy/dlogDp
Engine #2:
High Engine Thrust 44.1+1.1 68.3+0.7 1.4640.02 20.440.6 61.2+0.8 1.5440.02
Medium Engine Thrust 19.6£1.1 60.94+1.8 1.57+0.05 9.7+£0.5 61.5£1.6 1.66£0.05
Low Engine Thrust 15.840.8 64.3+1.8 1.6440.05 8.94+29 58+12 1.7740.31
Engine #3:
High Engine Thrust 37.8+1.4 73.0+1.5 1.6340.04 14.540.5 60.5+1.3 1.65+0.04
Medium Engine Thrust 12.6£1.5 66.74+5.2 1.80+0.16 6.0+0.5 61.8+3.4 1.85+0.11
Low Engine Thrust 6.1+0.3 51.8+1.1 1.5640.03 1.9+0.2 44.94+1.8 1.57£0.07
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S3 Additional Emissions Index Tables

Particle and trace gas emissions indices for the DC-8 CFMS56-2C1 engines operating at three
different cruise conditions are summarized in Tables S5-S9 and in Table 1 in the main text as

follows:

Table S4: Summary of Emissions Index Tables

Engine Thrust Condition
High Medium Low

Engine #2 Table S5 Table S7 Table S8
Engine #3 Table S6 Table 1 in main text Table S9

11



Table S5: Summary table of emissions indices measured in clear air at the high thrust cruise
condition. Data are for the left inboard engine (#2) at altitudes between 30,000 and 35,000 ft.

Medium Sulfur 50:50 HEFA -
Jet A Low Sulfur Jet A Low Sulfur Jet A Blend
Emissions Index Parameter (per kg fuel) Emission Index’ Emission Index’ Ratio Emission Index’ Ratio
Total Particle Number (D, > 5 nm) - 3.30x 101 X 1.04 - 1.97x10'5 X 1.48 -
Ultrafine Particle Number (5 < Dp < 10 nm) - 1.81x10" i 1.08 - 1.08x 101 i 1.99 -
Fine Particle Number (D > 10 nm) 1.43x10" X 1.13 1.57x10'5 1.10 1.02x1015 X 1,16 0.71%%%
Volatile Fine Particle Number 7.58x 101 X 1.27 6.53x 10 0.86 506x10 %X 1.09  0.67*
Non-Volatile Fine Particle Number 6.59x10' X 1.08 9.17x10M 1.39 503x10M X 130 0.76%*
Total Particle Volume (5 < D < 120 nm) (mm?) 68.23 X 1.31 78.80 1.16 37.77 X 115 0.55
Volatile Particle Volume (mm?) 20.07 X 1.12 29.71 1.48 15.79 X 1.20 0.79
Non-Volatile Particle Volume (mm?) 46.02 X 1.55 49.09 1.07 21.65 % 1.21 0.47
PSAP BC-Equivalent Mass at 467 nm (mg) 85.13 i 1.12 70.49 0.83 38.94 i 1.37  0.46%***
PSAP BC-Equivalent Mass at 530 nm (mg) 8240 X 112 67.94 0.82 37.55 % 139 0.46%%x*
PSAP BC-Equivalent Mass at 660 nm (mg) 75.38 f 1.12 66.43 0.88 36.84 i 1.39  0.49%#*
Carbon Monoxide, CO (g) 5.62 +0.95 3.57 0.64 443 +£1.17 0.79
Nitrogen Oxides, NOx (g) 9.67 £ 0.71 - - 9.61 4+ 0.80 0.99
Number of Plume Intercepts 4 1 7

Significance Level: **** p < 0.001, *** p < 0.01, ** p < 0.05, * p < 0.1
TParticle Els are reported as the geometric mean f the geometric standard deviation, while trace gas Els are reported as
the arithmetic mean =+ the arithmetic standard deviation.

Table S6: Summary table of emissions indices measured in clear air at the high thrust cruise
condition. Data are for the right inboard engine (#3) at altitudes between 30,000 and 35,000 ft.

Medium Sulfur 50:50 HEFA —
Jet A Low Sulfur Jet A Low Sulfur Jet A Blend
Emissions Index Parameter (per kg fuel) Emission Index’ Emission Index’ Ratio Emission Index’ Ratio
Total Particle Number (Dp > 5 nm) - 2.11x10% % 1.23 - 1.62x10'5 X 1.44 -
Ultrafine Particle Number (5 < Dp, < 10 nm) - L.16x10" X 1.45 - 9.15x10™ X 1.12 -
Fine Particle Number (Dp > 10 nm) 1.07x10" X 1.13 1.34x10'5 1.25 7.87x10M X 119 0.74%*
Volatile Fine Particle Number 5.81x101 X 1.07 4.97x101 0.86 3.98x10M* X 1.06  0.69%x
Non-Volatile Fine Particle Number 4.86x 101 X 1.24 8.43x10' 1.74 3.81x10" X 1.39 0.78
Total Particle Volume (5 < Dp < 120 nm) (mm?) 44.30 X 1.14 50.01 1.13 23327 1.14 0.53*
Volatile Particle Volume (mm?) 9.51 X 1.54 13.53 1.42 9.39 X 1.54 0.99
Non-Volatile Particle Volume (mm?) 32.81 i 1.34 36.48 1.11 13.27 i 1.06 0.40
PSAP BC-Equivalent Mass at 467 nm (mg) 54.00 i 1.20 53.55 0.99 20.84 i 1.07  0.39%**
PSAP BC-Equivalent Mass at 530 nm (mg) 52.38 X 1.20 51.77 0.99 20.00 X 1.07  0.38%x*
PSAP BC-Equivalent Mass at 660 nm (mg) 50.95 f 1.20 50.10 0.98 19.54 f 1.07 0.38%#3%
Carbon Monoxide, CO (g) 5.18 £0.72 3.82 0.74 470 £1.20 0.91
Nitrogen Oxides, NOx (g) 9.45 + 0.49 9.77 1.03 9.03 £0.58 0.96
Number of Plume Intercepts 4 1 5

Significance Level: **** p < 0.001, *** p < 0.01, ** p < 0.05, * p < 0.1
TParticle Els are reported as the geometric mean f the geometric standard deviation, while trace gas Els are reported as
the arithmetic mean = the arithmetic standard deviation.
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Table S7: Summary table of emissions indices measured in clear air at the medium thrust cruise
condition. Data are for the left inboard engine (#2) at altitudes between 30,000 and 35,000 ft.

Medium Sulfur 50:50 HEFA -
Jet A Low Sulfur Jet A Low Sulfur Jet A Blend
Emissions Index Parameter (per kg fuel) Emission Index? Emission Index' Ratio Emission Index' Ratio
Total Particle Number (Dp > 5 nm) - 325%10% X 1.09 - 2.77x1015 X 1.24 -
Ultrafine Particle Number (5 < D), < 10 nm) - 2.26x10"5 X 1.10 - 2.23x10'5 X 1.24 -
Fine Particle Number (D, > 10 nm) 9.97x10M X 1.14  1.12x10'5 X 1.28 1.12 6.01x10M X 135  0.60%
Volatile Fine Particle Number 565x10 X 1.08  496x10™ X 139 088 3.14x10M X 151 0.56%*
Non-Volatile Fine Particle Number 428x101 X 126  6.13x10% X 123 143 279x10 X 127 0.65
Total Particle Volume (5 < D < 120 nm) (mm?) 30.65 % 1.06 3796 X139 1.24 1637 X 1.54  0.53*
Volatile Particle Volume (mm?) 1030 X 1.30 15.02 X 1.35 1.46 6.08 X210 059
Non-Volatile Particle Volume (mm?) 20.03 X 1.05 2275%X 144 114 9.83 X 132 0.49%*
PSAP BC-Equivalent Mass at 467 nm (mg) 4129 X 1.18 4240% 113 1.03 17.09 X 1.07 0415
PSAP BC-Equivalent Mass at 530 nm (mg) 39.56 X 1.18 4107 X 113 1.04 1679 X 1.10  0.42%x
PSAP BC-Equivalent Mass at 660 nm (mg) 37.88 X 1.20 414572 1.18 1.09 1751 X 1.16  0.46%+*
Carbon Monoxide, CO (g) 6.06 =+ 0.66 406+ 041 067+ 512+142 085
Nitrogen Oxides, NOx (g) 7.53+£0.21 767+£0.58 102 735+ 144 098
Number of Plume Intercepts 4 8 7

Significance Level: **#* p < 0.001, *** p < 0.01, ** p < 0.05, * p < 0.1
TParticle Els are reported as the geometric mean < the geometric standard deviation, while trace gas Els are reported as

the arithmetic mean = the arithmetic standard deviation.
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Table S8: Summary table of emissions indices measured in clear air at the low thrust cruise
condition. Data are for the left inboard engine (#2) at altitudes between 30,000 and 35,000 ft.

Medium Sulfur 50:50 HEFA -
Jet A Low Sulfur Jet A Low Sulfur Jet A Blend
Emissions Index Parameter (per kg fuel) Emission Index’ Emission Index”  Ratio Emission Index’ Ratio
Total Particle Number (Dp > 5 nm) - - - - -
Ultrafine Particle Number (5 < D, < 10 nm) - - - - -
Fine Particle Number (Dp > 10 nm) 8.61x 10 X 1.27 - - 439%10' X 1.04  0.51%%
Volatile Fine Particle Number 5.19%10™ X 1.23 - - 2.48x10M X 1.00  0.48%
Non-Volatile Fine Particle Number 3.39%10' X 1.36 - - 1.90x10M X 1.09  0.56%**
Total Particle Volume (5 < Dp < 120 nm) (mm?) 2079 X 1.19 - - 13.13 0.63
Volatile Particle Volume (mm?) 4.16 X 2.18 - - 2.13 0.51
Non-Volatile Particle Volume (mm?) 15.61 i 1.00 - - 11.00 0.70
PSAP BC-Equivalent Mass at 467 nm (mg) 32.85 f 1.07 - - 9.53 0.29
PSAP BC-Equivalent Mass at 530 nm (mg) 31.90 f 1.04 - - 7.86 0.25
PSAP BC-Equivalent Mass at 660 nm (mg) 32.03 i 1.09 - - 9.88 0.31
Carbon Monoxide, CO (g) 8.17 + 0.68 - - 6.33 £0.25  0.77%**
Nitrogen Oxides, NOx (g) 6.82 +0.20 - - 6.72 £ 0.12 0.98
Number of Plume Intercepts 5 0 2

Significance Level: **#* p < 0.001, *** p < 0.01, ** p < 0.05, * p < 0.1
TParticle Els are reported as the geometric mean X the geometric standard deviation, while trace gas Els are reported as

the arithmetic mean = the arithmetic standard deviation.

Table S9: Summary table of emissions indices measured in clear air at the low thrust cruise
condition. Data are for the right inboard engine (#3) at altitudes between 30,000 and 35,000 ft.

Medium Sulfur 50:50 HEFA -
Jet A Low Sulfur Jet A Low Sulfur Jet A Blend
Emissions Index Parameter (per kg fuel) Emission Index’ Emission Index”  Ratio Emission Index’ Ratio
Total Particle Number (Dp > 5 nm) - - - - -
Ultrafine Particle Number (5 < D, < 10 nm) - - - - -
Fine Particle Number (Dp > 10 nm) 4.33x101 X 1.33 - - 226x10M X 1.03  0.52%*
Volatile Fine Particle Number 2.59x 101 X 127 - - 1.48x10' X 1.03  0.57%*
Non-Volatile Fine Particle Number 1.73x 1014 X 1.43 - - 776x1013 X 111 0.45%
Total Particle Volume (5 < D < 120 nm) (mm?) 9.46 X 1.14 - - 4547 146 048*
Volatile Particle Volume (mm?) 6.48 X 1.00 - - 1.19 X 1.05 0.18
Non-Volatile Particle Volume (mm?) 5.97 i 1.39 - - 2.33 f 1.25 0.39
PSAP BC-Equivalent Mass at 467 nm (mg) 13.44 f 1.02 - - 4.21 f 1.08  0.31%%**
PSAP BC-Equivalent Mass at 530 nm (mg) 12.73 f 1.03 - - 4.06 f 1.14  0.32%#**
PSAP BC-Equivalent Mass at 660 nm (mg) 13.07 i 1.09 - - 4.08 f 1.29  0.31%%*
Carbon Monoxide, CO (g) 8.14 4+ 0.65 - - 8.50 £ 1.72 1.04
Nitrogen Oxides, NOx (g) 6.43 +0.36 - - 6.19 +0.32 0.96
Number of Plume Intercepts 4 0 4

Significance Level: **#* p < 0.001, *** p < 0.01, ** p < 0.05, * p < 0.1
TParticle Els are reported as the geometric mean f the geometric standard deviation, while trace gas Els are reported as
the arithmetic mean =+ the arithmetic standard deviation.
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